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I - O W - A L L  EIOGINE PERFOWCE 

By J. C. Nettles  and J. R. Esterly 

The perfonaance of a centrifugal-cmpreesor  turbojet engine 
operated  at  constant  speed  aud variable turbine-inlet  temperature 
by means of a dynamometer is presented.  Data from operatian as a 
conventfonal  jet engine are presented  for  comparison. The amount 
of  shaft  horsepower  that  could be extracted  from  the engine with a 
tail-pipe-outlet  area 22 percent  larger  than  that of the  standard 
engine and a turbine-inlet  temperature  of 2000° R was 1650 horse- 
power per square foot  of  turbine-nozzle  area  at a compreeeor  tip 
speed of 1293 feet per second  and  decreased  slightly at higher  tip 
speeds.  The  ratio of shaft  horsepower to total  available  horse- 
power  decreased  from 0.512 at a compressor  tip  speed of 1023 feet 
per  second  to 0.313 at a compreesor  tip  speed of 1438 feet  per 
second. If a propeller is added  to  the engine, an increase  of 
better  than two and  one-half  times  the  static  thrust is possible 
at a compressor  tip  speed of 1438 feet  per  second. The t h a t  
specific  fuel  consumption  with a propeller  would be 0.58 pound 
fuel  per  pound of thrust  at  the  canpressor  tip  speed of 1438 feet 
per  secand. 

Investigatians  of  the  performance of turboJet  engines  with 
fixed  tail-pipe  areas in which  the  turbine  extracts just sufficient 
power  to  drive  the  canpressor and accessories are generally  restricted 
to a f ixed  relation  between  rotor sped and turbine-inlet  tempera- 
ture. If a power  absorbing mesne is added t o  the  turbine ehaf't, the 
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control  of  the  engine  speed i8 independent  of  turbine-inlet  temper- 
ature  from some minimum  value  to  the maximum that  the  turbine  stress 
and material  limits a11 permit. 

A n  investigation was conducted  at  the NACA Cleveland  laboratory 
at  the  request  of  the  Bureau  of  Aeronautics,  Department  of  the  Navy, in 
order  to  determine  the  shaft  horsepower  that was available  from a 
Jet engine having a centrifugal-flow  compressor, 14 cylindrical  type 
combustion  chambers, and a single-stage  turbine, as well as to 
determine  the  trends  of  the  performance  parameters  of  the  engine 
components. The excess  shaft  horsepower  that  is  available  from  the 
engine  is  applicable  to a number  of uses such as the  driving  of a 
propeller  to  increase  take-off  thrust,  the  removal of boundary- 
layer  air,  or  the  driving of' accessory  pumps for rocket  motors. In 
this  investigation,  the  engine was considered  as a turbine-propeller 
engine. 

A jet  engine was converted for shaft-horsepower  extraction  by 
coupling a dynamometer  to  the  engine  shaft  thus  permitting  engine 
pexformance  to be studied  over a wide range of  turbine-inlet  temper- 
atures for  any  selected  engine  speed.  The  standard  Jet  nozzle was 
removed in order  to  increase  the  pressure  drop  across  the  turbine. 

cp  

F 

Q 

hf 

hP 

Ah 

J 

N 

P 

SYMBOIS 

The follaring 8pb018 are  used in this  report: 

specific  heat of fluid  at  constant pressure, Btu  per  pound 
per OR 

thruet, pounds 

acceleration  of  gravity, 32.2 feet per second  per  second 

lower  heating  value  of  fuel,  Btu  per pound 

horsepower 

enthalpy  change,  Btu  per pound 

mechanical  equivalent  of  heat, 778 foot-pounds  per  Btu 

engine  speed, r p n  

total preseure, pounds per square foot 
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S 

compressor i n l e t  

compressor out le t  

turbine inlet 

turbine  outlet 

ideal  work available by expansion t o  ambient pressure 

a i r  

burner 

compressor 

thermal 

fuel 

gas (air plus fue l )  

Jet 

shaft 

3 

shp s h a f t  horsepower 

T t o t a l  temperature, 9 

U t i p  speed, feet   per  second 

W weight  flow, pounds per second 

7 r a t i o  of specific  heats 

6 r a t i o  of pressure  to  standard NACA sea-level pressure 

q efficiency 

8 r a t i o  of teaperatme t o  standard NACA sea-level temperature 

cp r a t i o  of shaft  horsepower to   t o t a l   ava i l ab le  power 

Subscripts: 
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t turbine 

tot  total 

In the  cycle under investigation,  air is compressed in the  com- 
pressor,  heat  is  added  at  constant  pressure in the  burner,  and  the 
gas  is  expanded through's turbine  and  jet  nozzle,  The  horsepower 
available  for  driving a shaft  is  the  difference  between  the  turbine 
horsepower and compressor  horsepower. The shaft  horsepower  depends 
on certain  design  criterions,  which  determine the manner in which 
the  heat  available for doing work is  divided  between  the  turbine aIid 
the  jet, 

The  themodynamic relations for the  work of a polytropic  process 
lead  to  the  following  expressions,  which  are  useful in determining 
the  horsepower  available  from a combination  of  compressor,  constant- 
pressure  burner, and turbine. 

Compressor  horsepower. - The  compressor  horsepower  is 

Turbine  horsepower. - The turbine  horsepower  is 

Burner  temperature  rise. - The temperature  rise in a burner 
with  constant-pressure  combustion may be  written a8 

Equivalent  shaft  plus  jet  horsepower. - Although  the  horse- 
power  derived  from a jet  at  static  conditions  is  zero,.an  expression 
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f o r  Jet thrust  and shaft  horsepower can  be writ ten i n  terns of t h e  

I 

enthalpy change of the  working-fluid. This expression 
engine with t h e   t o t a l  thermodynamic  power available and 
arranged as follows: 

Ah = F2 % 

2.Wg2 J 

W&Ah 
550 hp = 

Substituting  equation (5) into  equation (6) gives 

which i s  the horsepower that  would have been  developed 
enthalpy drop of the   j e t  been u t i l i zed  i n  a turbine. 

credi ts   the  
can  be 

had the 

The total   equivalent  shaft  horsepower of the  engine may there- 
fore be writ ten 

F jZ Q 
hPtot = + 1100 wg 

This  equation  does  not  imply  that  the  enthalpy  drop of the jet 
i s  actual ly   avai lable   for  a turbine  because  the  turbine  efficiency 
is  of a lower order  than  the nozzle efficiency; a higher  preseure 
r a t i o  would therefore be required  to develop a given  enthalpy drop. 
The relation  expressed i n  equation (9) does give a rational  .basis 
t o  account for  both  thrust  and horsepower i n  a single term and is  
essent ia l ly  independent of whether the engime is  en t i r e ly  jet, 
ent i re ly   propel ler ,   or  a combination of the two. 

Thermal efficiency. - Substituting  equations (5) and (6) i n to  
the  expression  for  thermal  efficiency of the engine  gives 
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Ratio of shaft horsepower t o   t o t a l  horsepower. - In a gas- 
turbine  engine,   the  ratio of external shaft work t o   t h e   t o t a l  thermo- 
dynamic  work available from t h e  engine i s  important.  This  statement 
i s  particularly  true  for  turbine-propeller  engines  because  the 
optimum r a t i o  of shaf t  work t o   t o t a l  thermodynamic work available 
varies  with  f l ight speed. A n  expression f o r   t h e   r a t i o  of shaft 
work to   t o t a l   ava i l ab le  work i n  terms of enthalpy change is: 

where AhA i s  the m a x i m u m  idea l  energy available by adiabatic 
expansion  based on turbine-inlet   total   conditions and  ambient s t a t i c  
conditions. Th i s  expression f o r  cp i s  readily  adaptable  to  cycle- 
analysis  procedures  but i s  not  easily  obtained from experimental 
data because of the   d i f f icu l ty  of determining Aht and 7%. An 
approximate expression  for 9, which is readily  obtained from 
experimen-kl data, is 

Thia  value of CP may vary   s l igh t ly   for  a given  tenperatwe and 
pressure r a t i o  because the expansion  process f o r  determining  the 
ava.ilable  energy  involves  both  the  efficiency of the  turbine and the 
efficiency of the  Jet  nozzle. The advantage of using  the approximate 
expreesion for analyzing exgerimental data is readily  apparent. 

Turbine-inlet  temperature. - If the  eff ic iencies  of the engine 
components are considered t o  be  constant,  the maximum thermal 
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efficiency  of  the engine is  determined  by  the  -.mum  allowable gas 
temperature  at  the  entrance  to  the  turbine;  data  should  therefore 
be  presented as a function of turbine-inlet  temperature. A direct 
measurement of turbine-inlet  temperature  is  both  difficult  and 
unsatisfactory. A reasonably  accurate  value,  which serves as an 
index  of  the  desired  trenda, can be  obtained  by making a direct 
measurement  of  the  total  temperature  downstream of the  tz-bine and 
adding  the  equivalent  temperature  drop of the  compressor  horsepower 
and  the  shaft  horsepower. 

C 
Tg = Tq + (T2 - T1) + 550 shp 

P,t  P,t wg 

ENGINE AM> EXpERIMEMlAL I N S T m I O N  

The  engine  used in these  investigations was a 5-33 turbojet 
engine,which  consists of a double-entry  centrifugal-flow  compressor 
with an impeller  tip  diameter of 30 inches, 14 cylindrical-type 
combustion  chambers,  and a single-stage  partial-reaction  turbine 
with a nozzle-flow  area of 0.84 square  foot. The compressor  rotor 
of the  engine was assembled  with a turbine-end  drive  shaft in place 
of the  usual  accessory-drive  shaft.  This  alteration  allowed  one 
end of a hlgh-speed  inductor-brake  shaft  to  be  directly  connected. 
to  the  compressor  rotor  by  the same t y y e  of floating  coupling  that 
is  used  between  the  compressor  and  the  turbine,  The  standard 
accessory  section,  which  contained  starter,  fuel  pump,  oil  pump, 
and  over-speed  governor, was attached  to  the  other end of  the 
inductor-brake  shaft.  The  air-flow  characteristics of the  compressor 
and  the  turbine were  not  altered.  The  engine was operated  with  the 
jet  nozzle  removed, making the  tail-pipe-outlet  area 22 percent 
larger  than  that  of  the  standard  engine, in order  to  increase  the 
pressure  drop  across  the  turbine. 

The  engine was mounted on a bedplate  suspended on cables  and 
the  thrust waa measured  by a strain-gage  weighin@;  device  developed 
by the NACA. A sketch of the  englne  and  the  suspension  arrangement 
is  shown in figure 1. 

Temperatures  were  measured  at  the  compressor-inlet  and 
compressor-outlet  stations  with  iron-constantan  thermocouples and 
at  the  turbine-outlet  station  with  chromel-alumel  thermocouples, 
Total and static  pressures  were  measured  at  the  conrpreesor Inlet, 
compressor  outlet,  burner  outlet, and turbine  outlet. Fuel flow 
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was measured by a calibrated  rotameter.  Air flow was calculated 
from  the  turbine-outlet  station  measurements  of  total  pressure, 
static  pressure, and temperature. 

-KG F R O C E D W  AND DATA CORHECTION 

R u n s  were  made by maintaining  constant  speed  and  increasing 
the fuel  flow as the  dynamometer  load was increased. In order  not 
to  exceed  the  arbitrary  operating  limit for  the  turbine-inlet  gas 
temperature  of 2000° R, the  corresponding  turbine-outlet  gas  tem- 
perature  calculated  from  equation (15) for  the-shaft horsepower . 
absorbed by  the  dynamometer  and  estimated  air flow was maintained. 

A l l  observed  data  were  corrected  to NACA standard  sea-level 
conditions by  use  of  the  relations,  corrected  engine  speed N / a ,  
corrected  Jet  thrust F/b, corrected  shaft  horsepower shp/60, 
corrected fuel flow Wf/b @, corrected air flow Wa +Tb, cor- 
rected  total  temperature T/8, and  corrected  total  pressure P/6, 
which may be  derived by  the  methods  given in reference 1. 

RESTJLTS AM) DISCUSSION 

Basic  data. - Shaft-horsepower  data  are  presented for one 
engine  tail-pipe  configuration  corresponding  to a ratio  of  turbine- 
nozzle  area.  to  exhaust-nozzle  area  of 0.349; at  this  condition,  the 
turbine-outlet  static  pressure was nearly  atmospheric. 

For purposes  of  comparison,  data  are  also  presented  for  the 
engine  operating as a jet  engine  with a ratio  of  turbine-nozzle 
area  to  exhaust-nozzle  area  of 0.426 and a propeller-shaft  power 
of zero. 

Plots  of  the  basic  data  of  shaft  horsepower  and  jet  thrust  per 
square foot  of  turbine-nozzle  area as  functions  of  turbine-inlet 
temperature  for  various  compressor  tip  speeds  and an area  ratio  of 
0.349 are  shown in figures 2 and 3, respectively.  Compressor  pres- 
sure  ratio  plotted  against  turbine-inlet  temperature is shown in 
figure 4. The variation of fuel  flow as a function of  turbine- 
inlet  temperature  is  presented in figure 5. In general,  this rela- 
tion was linear  over  the  range  investigated,  which  indicated  that 
the  burner  efficiency was essentially  constant.  The  variation  of 
jet  thrust  of  the  engine  with  compressor  tip  speed at an area  ratio 
of 0.426 and  zero  shaft  horsepower  is  shown in figure 6. The 
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par t icular  engine  used in   t hese  experiments had a basic  corrected 
jet thrust  of 4220 pounds per square foot of turbine-nozzle area a t  
a corrected compressor t i p  speed Uc of 1510 feet   per  second. 

Total  equivalent horsepower, - The shaft  horsepower, jet thrust ,  
and total   equivalent horsepower are  presented  as  functions of com- 
pressor  preseure  ratio i n  figure 7 f o r  a constant  turbine-inlet tem- 
perature of 2000° R. The curves i n  figure 7 have  been generalized 
on the  basis of 1 square  foot of turbine-nozzle-outlet flow area. 
The jet thrust  increases  with  increasing compressor pressure  ra t io  
t o  a maximum of 3450  pounds per  square  foot of turblne-nozzle- 
outlet  flow  area a t  a compressor pressure  ratio of 3.54. The shaft  
horsepower reached a maximum of 1650 a t  a compressor pressure  ra t io  
of 3.2 (compressor t i p  speed, 1293 f t / sec)  and then  decreased 
s l i g h t l y   t o  1600 horsepower at a pressure  ratio of 3.54 (compressor 
t i p  speed, 1438 ft /sec).   This  effect  i s  probably due to  the  estab- 
lishment of sonic flow a t  some point i n  the  turbine. 

Thermal efficiency. - The a b i l i t y  of the engine t o   u t i l i z e   t h e  
heat  energy of t he   fue l  i s  revealed by an inspection of t h e   t h e m 1  
efficiency developed. A plo t  of the  variation of thermal  efficiency 
of the  engine wi th  variable  turbine-inlet  temperature is shown in  
f igure 8. The thermal  efficiency i s  calculated from t h e  shaft  
horsepower, the  Jet  thrust, and the  fuel  f low by m e a n s  of equa- 
t ion  (11): The increase in  thermal  efficiency  that  could  be  obtained 
by  having a turbine-inlet  temperature limit higher than 2000° R is 
indicated by the  slopes of the  curves. 

Ratio of shaft horsepower to   t o t a l   ava i l ab le  power. - The var- 
i a t i on  of r a t i o  of shaff horsepower to   t o t a l   ava i l ab le  power Q> i n  
an engine  having a f ixed  re la t ion between  compressor t i p  speed and 
t u rb ine   t i p  speed is  determined  by the  equilibrium running condition 
of a l l  the engine components and  cannot  be re l iab ly  determined 
except from experimental  data. The variation of measured values 
of Cp i s  shown as a function of turbine-inlet  temperature and com- 
pressor   t ip  speed in  figure 9. A cross  plot that shows the  variation 
of CP with compressor t i p  speed fo r   an  area r a t i o  of 0.349 wi th  a 
turbine-inlet  temperature of 2000° R is  presented i n  figure 10. The 
range of Cp varies from 0.512 at a compressor t i p  speed of 1023 f e e t  
per second t o  0.3l.3 a t  a compressor t i p  speed of 1438 feet per  sec- 
ond. The trend of the curve i n  figure 10, as well as the  apparent 
maximum shaft  horseparer shown on f igure 7, is the   r e su l t  of a var- 
i a t ion   in   the   capac i ty  of the  turbine  to   extract  power as well as 
a possible change in   adiabat ic   eff ic iency.  

Static  thrust   with  propeller.  - In order  to  estimate  the  take- 
off performance  of a turbine-propeller engine, the  propeller-shaft 

I 
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horsepower  must  be  evaluated in terms of thrust  produced. A study 
of  static-thrust-calibration  data for propellers of modern  high- 
pezformance  design  reveals  that  the pounds of static  thrust  produced 
is  approximately  equal  to  four  times  the  horsepower  input. A plot 
of  total  equivalent  thrust  as a function of  coipressor . tip  speed  is 
shown in figure 11. The curve  of  jet  thrust  against  compressor  tip 
speed  for  the 0.426 turbine-area  ratio  and  zero  shaft  horsepower  is 
included in order  to  indicate  the  gain in static  thrust  that  could 
be  achieved by  use of a propeller on this  particular  engine.  The 
static  thrust  could  be 9150 pounds  per  square  foot  of  turbine- 
nozzle  area  at a compressor  tip  speed  of 1438 feet  per  second  or 
better  than  two  and  one-half  times  the  thrust  of  the  turbojet  engine 
alone.  The  variation of thrust  specific fue l  consumption  with  com- 
pressor  tip  speed  based  on  jet  thrust  plus  propeller  thrust  is  shown 
in figure 12. At a compressor  tip  speed  of 1438 feet  per  second, a 
value  of CP of  only  0.312  (fig. 10) has  reduced  the  thrust  specific 
fuel  consumption  from  1.27  pounds  fuel  per  pound  thrust  for  the 
straight  jet  engine  to 0.58 pound  fuel  per  pound  thrust  for  opera- 
tion  as a turbine-propeller  engine. 

SUMMARY OF RESULTS 

A compressor-burner-turbine  combination was operated  over a 
range  of  turbine-inlet  temperatures  up  to a maximum of  2000° R, 
compressor  tip  speeds  up  to a maximum  of 1438 feet  per  second  and 
with a tail-pipe-outlet  area 22 percent  larger than that  of  the 
conventional 533 engine.  The  shaft  horsepower was a maximum  of 
1650 horsepower  per  square  foot  of  turbine-nozzle  area  at a COD- 
pressor  pressure  ratio  of 3.2 (compressor  tip  speed,  1293  ft/sec) 
and  turbine-inlet  temperature  of 2000° R, and  then  declined  slightly 
to 1600 horsepower  per  square  foot  of  turbine-nozzle  area  at a 
compressor  pressure  ratio of 3.54 (compressor  tip  speed, 
1438 ft/sec)  and  turbine-inlet  temperature  of 2000° R. As  the  com- 
pressor tip  speed was increased  from 1023 to 1438 feet  per  second 
at a constant  turbine-inlet  temperature  of 2000O R, the  ratio  of 
shaft work to  total  useful work dropped  from 0.512 to 0.313. 

An empirical  propeller  relation that thrust  is  equal  to  four 
times  the  horsepower  input  indicates  that,  at a compressor  tip 
speed  of  1438  feet  per  second, a static  thrust  of 9150 pounds  per 
square  foot  of  turbine-nozzle  area, or more  than  two  and  one-half 
times  the  static  thrust of the  conventional  turbojet  engine,  is 
available  from  the  engine  investigated.  At a cornpressor  tip  speed 
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of 1438 feet per second, specific f u e l  consumption decreased from 
1.27 pounds f u e l  per pound  thrust for operation as a conventional 
jet engine to 0.58 pound fue l  per pod thruet f o r  operation as a 
turbine-propeller engine. 

Flight  Propulsion Research  Laboratory, 
Natio.mil Advisory Committee for Aesonautics, 

Cleveland, Ohio. 

1. Sanders, Newel1 D.: Perforuance Parameters f o r  Jet-Propulsion 
Engines. NACA TN No. 1106, 1946. 
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Figure 1. - Turbine-propeller engine and .suspension  arrangement. T@Ej7 
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Figure 2. - Variation of corrected shaft horsepower 
per square foot of turbine-nozzle  area  with  cor- 
rected  turbine-inlet  total temperature for rat io  
of turbine-nozzle  area  to  exhaust-nozzle  area of 
0,349 and various  corrected compressor t i p  speeds. 
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Figure 3 .  - Var ia t ion  of cor rec ted  j e t  thsua t   per   square   foo t  
of turbine-nozzle   area with c o r r e c t e d   t u r b i n e - i n l e t   t o t a l  
t e m p e r a t u r e   f o r   r a t i o  of turbine-nozzle area to   exhaus t -  
nozz le   a rea  of 0.349 and  various  corrected  compressor  t ip 
speeds. 
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Figure 4. - Variation of compressor pressure  ratio  with  cor- 
rected  turbine-inlet  total temperature for r a t i o  of turbine- 
nozzle  area  to  exhaust-nozzle  area of 0.349 and various 
corrected compressor t i p  speeds. 
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Corrected compressor t i p  speed, Uc, f t /eec  

Figure 6. - Variation  of  corrected  jet  thrust per  square foot  of  turbine- 
nozzle  area  with  corrected compressor t i  speed  for  ratio  of  turbine- 
nozzle  area to exhaust-nozzle  area  of 0.126 and zero shaft horsepower. 
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Figure 7. - V a r i a t i o n  of horsepower  and  thrust   per   square 
f o o t  of tu rb ine-nozz le   a rea  with compressor   pressure 
r a t i o  f o r  c o r r e c t e d   t u r b i n e - i n l e t   t o t a l   t e m p e r a t u r e  o f  
2000° R a n d   r a t i o  of t u rb ine -nozz le   a r ea   t o   exhaus t -  
n o z z l e   a r e a  of  0.349. 
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Figure 8. - Variation of thermal e f f i c i ency  with 
corrected  turbine-inlet  total temperature for 
rat io  of turbine-nozzle area to  exhaust-nozzle 
area of 0.349 and various  corrected compreasor 
t i p  speeds. 
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Corrected compressor t i p  speed, U,, f t /sec 

corrected compressor t i p  speed at  corrected  turbine- 
i n l e t   t o t a l  temperature of 2000° R with  ratio of 
turbine-nozzle  area  to  exhaust-nozzle  area of 0.349 
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Figure 11. - Varia t ion  of to ta l   equiva len t   th rus t   per   square  
foot   of   turbine-nozzle   area with corrected  compressor t i p  
speed   fo r   co r rec t ed   t u rb ine - in l e t   t o t a l   t empera tu re  of 
2000O R. 
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Figure 12. - Variation of thrust   specif ic   fuel  consumption 
with  corrected compressor t i p  speed for  corrected  turbine- 
Inlet   tota l  temperature of 2000° R and  two turbine-nozzle 
area to  exhaust-nozzle  area  ratios. 




